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1
MASS SPECTROMETER

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s the National Stage of International

Application No. PCT/GB2008/000617, filed Feb. 21, 2008,
which claims priority to and benefit of United Kingdom

Patent Application No. 0703378.0, filed Feb. 21, 2007 and
U.S. Provisional Patent Application Ser. No. 60/893,212,
filed Mar. 16, 2007. The entire contents of these applications
are incorporated herein by reference.

BACKGROUND OF THE INVENTION

The present invention relates to an 10n trap, a mass spec-
trometer, a method of trapping 1ons and a method of mass
spectrometry.

Three dimensional (or Paul) 10n traps comprising a central
ring electrode and two end-cap electrodes are well known.
Similarly, two dimensional or linear 10on traps comprising
quadrupole rod set 1on guide with two end electrodes are also
well known.

It 1s known to mass selectively eject 10ns from a conven-
tional 1on trap 1n a sequential manner by scanning or stepping,
the amplitude of an RF voltage which acts to confine ions
within the 10n trap. Alternatively, the frequency of a supple-
mental excitation potential which 1s applied to the electrodes
of the 1on trap may be scanned or stepped.

Ions having differing mass to charge ratios may be simul-
taneously ejected from a conventional 1on trap by applying
two supplementary excitation potentials to the electrodes
forming the 1on trap. The two supplementary excitation
potentials have different frequencies. Ions which are subse-
quently ejected from the 10n trap all follow the same exitroute
out from the trapping region.

It 1s known that RF 1on traps may be used to contain
simultaneously both positive and negative 1ons. This enables
ion-1on interactions to be utilised to effect 10n fragmentation
or reaction 1n the gas phase.

The conventional approach of sequentially ejecting i1ons
having differing mass to charge ratios from an 1on trap limits
the speed at which an analytical scan can be accomplished
without degrading performance. It 1s known that the mass
resolution achieved when ejecting 1ons by resonance ejection
or by mass selective stability reduces as the speed of the
analytical scan increases.

In general, the mass resolution 1s proportional to the num-
ber of resonance field periods that an 10n experiences before
it 1s ¢jected. Highest resolution 1s generally achieved when
10n ejection occurs over extended time periods with the mini-
mum amplitude of auxiliary excitation potential needed to
elfect ejection.

The speed at which the frequency or amplitude of a con-
fining RF potential may be scanned or stepped during an
analytical scan 1s also limited by the electronic circuit used.
This will also limit the speed of analysis.

Another problem with known 10n traps 1s that 1t 1s not
possible to mass analyse individually and simultaneously
positive and negative 1on species from a given 10n-10n reac-
tion within the 1on trap. Ions having different polarities but
having the same or substantially similar mass to charge ratios
will have the same frequency of oscillation within the ion
trap. Therefore, conventionally, mass spectra may only be
produced which correspond with the sum of the positive and
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2

negative 1ons residing 1n the 1on trap without it being possible
to distinguish between 10ns having different polarities.
It 1s therefore desired to provide an improved 1on trap.

SUMMARY OF THE INVENTION

According to an aspect of the present invention there 1s

provided an 1on trap comprising a plurality of electrodes
wherein 1n a first mode of operation 10ons having substantially
different mass to charge ratios and/or opposite or different
polarities are simultaneously ejected from the 1on trap via
separate, different, discrete or non-overlapping exit paths,
pathways or routes.
The 10on trap preferably further comprises one or more
holes, slots or apertures 1n at least some of the plurality of
clectrodes. Ions having a first mass to charge ratio and/or a
first polarity are preferably arranged and adapted to exit the
ion trap solely via a first exit path, pathway or route which
passes through one or more first holes, slots or apertures. Ions
having a second different mass to charge ratio and/or a second
opposite polarity are preferably arranged and adapted to exit
the 1on trap solely via a second different exit path, pathway or
route which preferably passes through one or more second
different holes, slots or apertures.

According to an embodiment either: (a) the first exit path,
pathway or route 1s inclined at an angle 01 relative to the
second exit path, pathway or route, wherein 01 1s selected
from the group consisting of: (1) 5-20°; (1) 20-40°; (i11)
40-60°; (1v) 60-80°; (v) 80-100°; (v1) 100-120°; (v11) 120-
140°; (vi1) 140-160°; (1x) 160-175°; and (x) 90°; and/or (b)
the axis of the one or more first holes, slots or apertures are
inclined at an angle 02 relative to the axis of the one or more
second holes, slots or apertures, wherein 02 1s selected from
the group consisting of: (1) 5-20°; (11) 20-40°; (111) 40-60°; (1v)
60-80°; (v) 80-100°; (v1) 100-120°; (vin) 120-140°; (vi)
140-160°; (1x) 160-173°; and (x) 90°;

In the first mode of operation 1ons having opposite polari-
ties but substantially similar mass to charge ratios are prefer-
ably simultaneously and/or sequentially ejected from the 10n
trap via separate, different, discrete or non-overlapping exit
paths, pathways or routes.

According to an embodiment 1n the first mode of operation
ions having mass to charge ratios within a first range having a
lower limit and an upper limit and 1ons having mass to charge
ratios within a second diflerent range having a lower limit and
an upper limit are simultaneously and/or sequentially ejected
from the 1on trap via separate, different, discrete or non-
overlapping exit paths, pathways or routes. Preferably, either:
(a) the first range and/or the second range include 1ons having
mass to charge ratios within one or more of the following
ranges: (1) <30; (11) 50-100; (111) 100-150; (1v) 150-200; (v)
200-250; (v1) 250-300; (vi1) 300-350; (vin) 3350-400; (1x)
400-4350; (x) 450-500; (x1) 500-550; (x11) 550-600; (x111) 600-
650; (x1v) 650-700; (xv) 700-750; (xv1) 750-800; (xvi1) 800-
850; (xvi11) 850-900; (x1x) 900-950; (xx) 950-1000; and (xx1)
>1000; and/or (b) the difference between the upper limit of
the second range and the upper limit of the first range at an
instance i time falls within a range selected from the group
consisting of: (1) <30; (1) 50-100; (111) 100-150; (1v) 150-200;
(v) 200-2350; (v1) 250-300; (v11) 300-350; (vi1) 350-400; (1x)
400-4350; (x) 450-500; (x1) 500-550; (x11) 550-600; (x111) 600-
650; (x1v) 650-700; (xv) 700-750; (xv1) 750-800; (xv11) 800-
850; (xv111) 850-900; (x1x) 900-950; (xx) 950-1000; and (xx1)
>1000.

According to an embodiment the lower and/or the upper
limait of the first range and/or the lower and/or the upper limait
of the second range 1s varied, increased, decreased, stepped or
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scanned during a scan period. Preferably, during the scan
period either: (a) 1ons having mass to charge ratios within a
range X1 are ejected from the 1on trap via a first exit path,
pathway or route, wherein x1 1s selected from the group
consisting of: (1) <50; (1) 50-100; (111) 100-150; (1v) 150-200;
(v) 200-250; (v1) 250-300; (v11) 300-350; (vi11) 350-400; (1x)
400-4350; (x) 450-500; (x1) 500-550; (x11) 550-600; (x111) 600-
650; (xav) 650-700; (xv) 700-750; (xv1) 750-800; (xv11) 800-
850; (xv111) 850-900; (x1x) 900-950; (xx) 950-1000; and (xx1)
>1000; and/or (b) 1ons having mass to charge ratios within a
range X2 are ejected from the 1on trap via a second separate,
different, discrete or non-overlapping exit path, pathway or
route, wherein x2 1s selected from the group consisting of: (1)
<50; (11) 50-100; (111) 100-150; (1v) 150-200; (v) 200-250; (v1)
250-300; (v11) 300-350; (v111) 350-400; (1x) 400-450; (x) 450-
500; (x1) 500-550; (x11) 550-600; (x111) 600-650; (x1v) 650-
700; (xv) 700-750; (xv1) 750-800; (xvi1) 800-850; (xvi1)
850-900; (x1x) 900-950; (xx) 950-1000; and (xx1) >1000.

In the first mode of operation either: (a)10ns having mass to
charge ratios within a first range and/or 1ons having a {first
polarity are arranged and adapted to exit the 10n trap solely in
a first radial direction; and/or (b) 10ns having mass to charge
ratios within a second different range and/or 1ons having a
second polarity opposite to the first polarity are arranged and
adapted to exat the 10n trap solely 1n a second different radial
direction; and/or (¢) 1ons having mass to charge ratios within
a third different range and/or 10ns having a third polanty are
arranged and adapted to exit the 1on trap solely 1n an axial
direction. The third polarity 1s preferably the same either as
the first polarity or the second polanity.

The1on trap preferably further comprises a device arranged
and adapted to cause 1ons having different mass to charge
ratios and/or different polarities to be mass selectively ejected
from the 10n trap.

Theion trap preterably further comprises a device arranged
and adapted to eject 1ons from the 10n trap by mass selective
instability.

The1on trap preterably further comprises a device arranged
and adapted to apply a dipolar excitation wavetform to the
clectrodes 1n order to eject 10ons from the 10n trap. According
to an embodiment the 1on trap further comprises: a first aux-
iliary AC or RF voltage supply for supplying a first auxihiary
AC or RF voltage to the electrodes, wherein the first auxiliary
AC or RF voltage 1s arranged, 1n use, to excite and/or eject
ions 1n a first direction; and a second auxiliary AC or RF
voltage supply for supplying a second auxiliary AC or RF
voltage to the electrodes, wherein the second auxiliary AC or
RF voltage 1s arranged, 1n use, to excite and/or eject ions 1n a
second different direction.

Theion trap preterably further comprises a device arranged
and adapted to apply a quadrupolar excitation waveform to
the electrodes 1n order to eject 1ons from the 10n trap.

The1on trap preterably further comprises a device arranged
and adapted to apply a parametric excitation waveiorm to the
clectrodes 1n order to eject 1ons from the 10n trap.

The 10n trap preferably further comprises a device for
applying a DC voltage to the electrodes.

The 10n trap preferably turther comprises AC or RF voltage
means for supplying an AC or RF voltage to the electrodes in
order to confine 10ons radially and/or axially within the 10n
trap. According to the preferred embodiment the AC or RF
voltage means 1s arranged and adapted: (1) to supply an AC or
RF voltage having an amplitude selected from the group
consisting of: (1) <50V peak to peak; (11) 50-100 V peak to
peak; (111) 100-150 V peak to peak; (1v) 150-200 V peak to
peak; (v) 200-250 V peak to peak; (v1) 25.0-300 V peak to
peak; (vi1) 300-350 V peak to peak; (viin) 350-400 V peak to
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4
peak; (1x) 400-450 V peak to peak; (x) 450-500 V peak to
peak; and (x1) >500 V peak to peak; and/or (11) to supply an
AC or RF voltage having a frequency selected from the group
consisting of: (1) <100 kHz; (11) 100-200 kHz; (111) 200-300
kHz; (1v) 300-400 kHz; (v) 400-500 kHz; (v1) 0.5-1.0 MHz;
(vi1) 1.0-1.5 MHz; (vi1) 1.5-2.0 MHz; (1x) 2.0-2.5 MHz; (x)
2.5-3.0 MHz; (x1) 3.0-3.5 MHz; (x11) 3.5-4.0 MHz; (x111)
4.0-4.5 MHz; (x1v) 4.5-5.0 MHz; (xv) 3.0-5.5 MHz; (xv1)
5.5-6.0 MHz; (xv11) 6.0-6.5 MHz; (xvi1) 6.5-7.0 MHz; (x1x)
7.0-7.5 MHz; (xx) 7.5-8.0 MHz; (xx1) 8.0-8.5 MHz; (xx11)
8.5-9.0 MHz; (xx111) 9.0-9.5 MHz; (xxi1v) 9.5-10.0 MHz; and

(xxv) >10.0 MHz.

The1on trap preferably further comprises a device arranged
and adapted to either:

(a) vary, increase, decrease, step or scan the amplitude of
the AC or RF voltage in order to mass selectively eject 1ons
from the 10n trap; and/or

(b) vary, increase, decrease, step or scan the frequency of
the AC or RF voltage 1n order to mass selectively eject 1ons
from the 10n trap; and/or

(c) vary, increase, decrease, step or scan one or more dipole
excitation voltages applied to the electrodes in order to mass
selectively eject 1ons from the 1on trap; and/or

(d) vary, increase, decrease, step or scan one or more qua-
drupolar excitation voltages applied to the electrodes 1n order
to mass selectively eject 1ons from the 1on trap; and/or

() vary, increase, decrease, step or scan one or more para-
metric excitation voltages applied to the electrodes 1n order to
mass selectively eject 1ons from the 10n trap; and/or

(1) vary, increase, decrease, step or scan one or more DC
voltages applied to the electrodes 1n order to mass selectively
¢ject 10ns from the 1o0n trap.

According to an embodiment the 10n trap may comprise
one or more 2D 1on traps. The or each 2D 1on trap preferably
comprises a linear 1on trap or a plurality of elongated rods or
clectrodes. The or each 2D 1on trap preferably comprises at
least 4, 6, 8 or 10 elongated rods or electrodes. One or more
holes, slots or apertures are preferably provided 1n at least
some or all of the elongated rods or electrodes. Ions prefer-
ably exit the ion trap via the one or more holes, slots or
apertures. According to an embodiment atleast 2,3, 4,5, 6,7,
8, 9 or 10 2D 10n traps may be arranged 1n series.

According to another embodiment the ion trap may com-
prise one or more 3D 1on traps. The or each 3D 1on trap
preferably comprises at least one central ring electrode.
According to the preferred embodiment the central ring elec-
trode of the or each 3D 1on trap i1s radially segmented or
comprises at least 2, 3,4, 5,6, 7, 8, 9 or 10 radial segments.
One or more holes, slots or apertures are preferably provided
in at least some or all of the radial segments. Ions preferably
exi1t the 1on trap via the one or more holes, slots or apertures.
An embodiment 1s contemplated wherein at least 2, 3, 4, 3, 6,
7,8, 9 or 10 3D 10n traps are arranged 1n series.

Other embodiments are contemplated wherein at least 1, 2,
3,4,5,6,7,8,9,0r 10 2D 1on traps, and at least 1, 2, 3, 4, 3,
6,7, 8,9 or 10 3D 10n traps are arranged 1n series.

According to an embodiment the 10on trap may comprise a
plurality of 10n traps arranged 1n a linear geometry, a closed-
loop geometry, an open-loop geometry or a folded geometry.

The 10n trap preferably comprises: one or more entrance
and/or exit electrodes; and a device for applying a DC and/or
an AC or RF voltage to the one or more entrance and/or exit
clectrodes 1n order to confine 1ons axially within the 1on trap.

According to another aspect of the present invention there
1s provided a mass spectrometer comprising an ion trap as
described above.
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The mass spectrometer preferably further comprises one or
more first 1on detectors arranged to detect 1ons which exit the
1on trap via a first exit path, pathway or route and one or more
second separate 1on detectors arranged to detect 1ons which
exit the 1on trap via a second different separate exit path,
pathway or route.

The mass spectrometer preferably further comprises
either:

(a) an 101 source selected from the group consisting of: (1)
an Electrospray 1onisation (“ESI”) 1on source; (1) an Atmo-
spheric Pressure Photo Ionisation (“APPI”) 1on source; (111)
an Atmospheric Pressure Chemical Ionisation (“APCI) 10on
source; (1v) a Matrix Assisted Laser Desorption Ionisation
(“MALDI”) 10n source; (v) a Laser Desorption Ionisation
(“LDI”) 10n source; (v1) an Atmospheric Pressure Ionisation
(“API”) 10n source; (vi1) a Desorption Iomisation on Silicon
(“DIOS”) 10on source; (vil) an Electron Impact (“EI”) 1on
source; (1x) a Chemical Ionisation (“CI”) 1on source; (X) a
Field Ionisation (“FI”) 10on source; (x1) a Field Desorption
(“FD”) 10on source; (x11) an Inductively Coupled Plasma
(“ICP”)10n source; (x111) a Fast Atom Bombardment (“FAB™)
1ion source; (x1v) a Liquid Secondary Ion Mass Spectrometry
(“LSIMS”) 10on source; (xv) a Desorption Electrospray Ioni-
sation (“DESI”) 10n source; (xv1) a Nickel-63 radioactive 1on
source; (xvi1) an Atmospheric Pressure Matrix Assisted Laser
Desorption Ionisation 1on source; and (xvii1) a Thermospray
10n source; and/or

(b) an 10n mobility spectrometer or separator and/or a Field
Asymmetric Ion Mobility Spectrometer device arranged
upstream and/or downstream of the 10on trap; and/or

(c) a further 1on trap or 1on trapping region arranged
upstream and/or downstream of the 1on trap; and/or

(d) a collision, fragmentation or reaction device arranged
upstream and/or downstream of the 1on trap, wherein the
collision, fragmentation or reaction device 1s selected from
the group consisting of: (1) a Collisional Induced Dissociation
(“CID”) fragmentation device; (11) a Surface Induced Disso-
ciation (“SID”) fragmentation device; (i11) an Electroon
Transier Dissociation fragmentation device; (1v) an Electron
Capture Dissociation fragmentation device; (v) an Electron
Collision or

Impact Dissociation fragmentation device; (v1) a Photo
Induced Dissociation (“PID”) fragmentation device; (vi1) a
Laser Induced Dissociation fragmentation device; (vii1) an
inirared radiation induced dissociation device; (1x) an ultra-
violet radiation induced dissociation device; (x) a nozzle-
skimmer interface fragmentation device; (X1) an 1n-source
fragmentation device; (x11) an 10n-source Collision Induced
Dissociation fragmentation device; (xi11) a thermal or tem-
perature source fragmentation device; (x1v) an electric field
induced fragmentation device; (xv) a magnetic field induced
fragmentation device; (xv1) an enzyme digestion or enzyme
degradation fragmentation device; (xvi1) an 1on-10n reaction
fragmentation device; (xvii) an 1on-molecule reaction frag-
mentation device; (x1x) an 1on-atom reaction fragmentation
device; (xx) an 1on-metastable 10n reaction fragmentation
device; (xx1) an 1on-metastable molecule reaction fragmen-
tation device; (xx11) an 1on-metastable atom reaction frag-
mentation device; (xx111) an 10n-10n reaction device for react-
ing ions to form adduct or product ions; (xx1v) an 10n-
molecule reaction device for reacting 1ons to form adduct or
product 10ns; (xxv) an 10n-atom reaction device for reacting,
ions to form adduct or product 10ns; (xxv1) an 1on-metastable
ion reaction device for reacting 1ons to form adduct or product
ions; (xxvi1) an 1on-metastable molecule reaction device for
reacting 1ons to form adduct or product ions; and (xxvi11) an
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ion-metastable atom reaction device for reacting 10ns to form
adduct or product 1ons; and/or

(¢) a mass analyser selected from the group consisting of:
(1) a quadrupole mass analyser; (11) a 2D or linear quadrupole
mass analyser; (111) a Paul or 3D quadrupole mass analyser;
(1v) a Penning trap mass analyser; (v) an 1on trap mass analy-
ser; (v1) a magnetic sector mass analyser; (vi1) Ion Cyclotron
Resonance (“ICR”) mass analyser; (vi11) a Fourier Transiorm
Ion Cyclotron Resonance (“FTICR™) mass analyser; (1x) an
clectrostatic or orbitrap mass analyser; (x) a Fourier Trans-
form electrostatic or orbitrap mass analyser; (x1) a Fourier
Transform mass analyser; (x11) a Time of Flight mass analy-
ser; (x111) an orthogonal acceleration Time of Flight mass
analyser; and (x1v) a linear acceleration Time of Flight mass
analyser.

According to another aspect of the present invention there
1s provided a method of trapping 1ons comprising:

providing an 1on trap comprising a plurality of electrodes;

applying one or more voltages to the electrodes so that 1ons
having substantially different mass to charge ratios and/or
opposite polarities are simultaneously ejected from the 1on
trap via separate, different, discrete or non-overlapping exit
paths, pathways or routes.

According to another aspect of the present invention there
1s provided a method of mass spectrometry comprising a
method as described above.

According to another aspect of the present invention there
1s provided a 3D 10on trap comprising:

a central ring electrode comprising a plurality of radial
segments wherein one or more of the radial segments have a
slot, hole or aperture through which 10ns are ejected 1n use.

The 3D 10n trap preferably further comprises one or more
end-cap electrodes wherein 10ns having a first mass to charge
ratio and/or a first polarity are arranged and adapted to exit the
ion trap solely via a first exit path, pathway or route which
passes through one or more first holes, slots or apertures 1n the
central ring electrode. Ions having a second different mass to
charge ratio and/or a second opposite polarity are preferably
arranged and adapted to exit the 1on trap solely via a second
different exit path, pathway or route which preterably passes
through one or more second different holes, slots or apertures
in the central ring electrode.

According to another aspect of the present invention there
1s provided a method of trapping 1ons comprising:;

providing a 3D 10n trap comprising a central ring electrode
having a plurality of radial segments, wherein one or more of
the radial segments have a slot, hole or aperture; and

ejecting 10ons through the slot, hole or aperture.
The method preferably further comprises:

providing one or more end-cap electrodes;

ejecting 10ons having a first mass to charge ratio and/or a
first, polarity from the 1on trap solely via a first exit path,
pathway or route which passes through one or more first
holes, slots or apertures in the central ring electrode; and

¢jecting 1ons having a second different mass to charge ratio
and/or a second opposite polarity from the 1on trap solely via
a second different exit path, pathway or route which passes
through one or more second different holes, slots or apertures
in the central ring electrode.

The preferred embodiment relates to the simultaneous
mass selective ejection of 1ons having differing mass to
charge ratios from an 1on trap via different, separate or dis-
crete exit paths. The ions which are ejected may be transferred
to separate devices for further analysis or may be directed
onto one of a plurality of separate 10n detectors which may be
situated external to the 1on trap.
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According to an embodiment 1ons may be mass selectively
ejected from the 10n trap through two or more holes or slots
which are preferably provided in two or more of the elec-
trodes which preferably form part of the 1on trap.

The mass selective ejection ol 1ons from the 1on trap may be
achieved by dipolar or quadrupolar excitation or by mass
selective 1nstability.

Mass selective ejection of 1ons may be achieved with or
without applying an additional DC voltage to one or more of
the electrodes comprising the 1on trap.

In the case of dipolar excitation, multiple supplementary
alternating potentials are preterably applied to the electrodes
comprising the 1on trap. Each supplementary AC potential 1s
preferably arranged to excite and eject 10ns in a particular
direction within the 1on trap. The frequency of each supple-
mentary AC potential 1s preferably set to coincide with the
frequency of oscillation of the 10ns to be ejected 1n the par-
ticular direction or location in which the dipole excitation 1s
applied.

In the case of quadrupolar excitation, a supplementary AC
potential may be applied to two or more electrodes compris-
ing the 1on trap.

Additional DC potentials differences may be applied
between two or more of the 1on trap electrodes 1n order to alter
the characteristic frequency at which 1ons oscillate within the
quadrupolar confining field developed within the 10n trap.

According to an embodiment two or more fixed excitation
frequencies may be applied simultaneously. This preferably
results 1n the simultaneous ejection of 10ns having at least two
different mass to charge ratios via at least two different or
separate exit routes or pathways.

The preferred embodiment also allows at least two differ-
ent mass selective ejections scans, covering at least two dii-
ferent mass to charge ratio ranges, to be performed simulta-
neously. Ions from each mass to charge ratio range may be
detected using separate detedtors and associated electronics.

Simultaneous e¢jection of 1ons having multiple mass to
charge ratios from the preferred 1on trap allows analysis times
to be decreased without decreasing the time for ¢jection of
ions at each mass to charge ratio and therefore without com-
promising the mass resolution of the 1on trap. This 1s of
particular value when the composition of 1ons entering the 1on
trap 1s varying rapidly. Alternatively, 11 the total time to anal-
yse all the 1ons of mterest 1n the 10n trap 1s fixed, then simul-
taneous ejection of 10ns having different mass to charge ratios
in different directions allows the time for ejection of 1ons of

cach mass to charge ratio to be extended thereby improving
overall mass resolution.

According to an embodiment a buller gas may be intro-
duced within the 10n trap 1n order to cool 1ons by collisions.

The preferred embodiment also enables positive and nega-
tive 1ons within the 10n trap to be mass selectively ejected and
detected separately thereby enabling separate mass spectra
corresponding to 1ons having only one polarity to be pro-

duced.

BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments of the present invention will now be
described, by way of example only, and with reference to the
accompanying drawings in which:

FIG. 1 shows an 1on trap according to a preferred embodi-
ment 1n the v,z plane;

FI1G. 2 shows an 1on trap according to a preferred embodi-
ment 1n the X,y plane;
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FIG. 3 shows a plot of the oscillation frequency for 1on
motion in the X and y directions versus mass to charge ratio at

the start of an analytical scan;

FIG. 4 shows a plot of the oscillation frequency for ion
motion in the X and y directions versus mass to charge ratio at
the end of an analytical scan;

FIG. 5 shows a plot of the oscillation frequency for 1on
motion 1n the x direction versus mass to charge ratio at the
start of an analytical scan for both positive and negative 1ons
with and without a DC voltage being applied to the elec-
trodes;

FIG. 6 shows a plot of oscillation frequency for 10n motion
in the y direction versus mass to charge ratio at the start of an
analytical scan for both positive and negative 1ons with and
without a DC voltage being applied to the electrodes;

FIG. 7 shows a plot of oscillation frequency for 10on motion
in the x direction versus mass to charge ratio at the end of an
analytical scan for both positive and negative 1ons with and
without a DC voltage being applied to the electrodes;

FIG. 8 shows a plot of oscillation frequency for 10n motion
in the y direction versus mass to charge ratio at the end of an
analytical scan for both positive and negative 1ons with and
without a DC voltage being applied to the electrodes;

FIG. 9 shows an 10n trap according to another embodiment
of the present invention wherein, the 1on trap comprises a
plurality of axial segments;

FIG. 10 shows an 1on trap according to another embodi-
ment of the present invention wherein an 1on trap 1s provided
comprising a plurality of ion trap segments arranged 1n a loop:;

FIG. 11 shows a conventional three-dimensional 10n trap;

FIG. 12 shows a cross-sectional view through a three-
dimensional 10n trap 1n the X,y plane according to an embodi-
ment of the present invention;

FIG. 13 shows a cross-sectional view of an array of three-
dimensional 1on traps arranged in the v,z plane according to
an embodiment the present invention;

FIG. 14 shows a SIMION® model of the 10n trajectories of
two species of positive 1ons having different mass to charge
ratios according to a preferred embodiment of the present
invention;

FIG. 15 shows a SIMION® model of the 10n trajectories of
positive and negative 1ons having i1dentical mass to charge
ratios without an DC voltage being applied to the electrodes;
and

FIG. 16 shows a SIMION® model of the 10n trajectories of
positive and negative 1ons having i1dentical mass to charge
ratios wherein a DC voltage 1s applied to one pair of trapping
clectrodes.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

PR.

(L]
=T

ERRED

An 1on trap 1 according to a preferred embodiment of the
present, mvention will now be described with reference to
FIG. 1. The 1on trap 1 1s shown 1in the y,z plane and preferably
comprises an elongated quadrupole rod set 1. Ions are pret-
erably confined axially within the 1on trap 1 by applying
either a DC voltage or an RF voltage to two end electrodes 2
which are preferably arranged at the entrance and exit of the
ion trap 1. Alternatively, a combination of both DC and RF
voltages may be applied to one or more of the end electrodes
2 1n order to provide an axial potential and/or a pseudo-
potential barrier at the entrance and/or exit of the 10n trap 1.

FIG. 2 shows a schematic of the preferred 1on trap 1 1n the
X,y plane 1n cross-section along line ‘A’ as shown 1n FIG. 1.
Ions are preferably confined radially within the 10n trap 1 by
applying an AC or RF potential to opposing pairs of elec-
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trodes. The AC or RF potential 1s preferably supplied by an
AC or RF voltage supply 3. A first auxiliary oscillating dipole
voltage 1s preferably supplied by a first auxiliary AC or RF
voltage supply 4 between a first set of electrodes. First ion
detectors 7 are preferably positioned to detect 1ons which are
¢jected through slots in two of the electrodes due to 1ons being
¢jected by the application of the first auxiliary AC or RF
voltage.

A second separate auxiliary oscillating dipole voltage 1s
preferably supplied by a second auxiliary AC or RF voltage
supply 5 between a second set of electrodes. Second 1on
detectors 8 are preferably positioned to detect 1ons which are
¢jected through slots in two of the electrodes due to 1ons being
ejected by the application of the second auxiliary AC or RF
voltage.

A DC potential may optionally be maintained between
both pairs of electrodes by supplying a DC voltage from a DC
voltage supply 6. The application of a DC voltage allows the
frequency of oscillation and the conditions for stability of
ions trapped within the 1on trap 1 to be modified or otherwise
varied.

An optional quadrupolar excitation supply 9 1s also prei-
erably provided. A quadrupolar excitation voltage may be
applied to the electrodes 1n order to mass selectively ejections
according to another embodiment of the present invention.

Ions are preferably arranged to enter the ion trap 1 along the
central axis of the 1on trap 1. Ions are preferably trapped
within the 10on trap 1 after an accumulation period by applying
appropriate potentials to the end electrodes 2. Builer gas may
be introduced into the 1on trap 1 1n order to cool 10ns by
collisions.

According to an embodiment auxiliary oscillating dipolar
excitation potentials may be applied in the x and the y direc-
tions using the first auxiliary AC or RF voltage supply 4 and
the second auxiliary AC or RF voltage supply 5. The funda-
mental frequency of 10n oscillation or secular frequency m 1s
given by the approximation in Egn. 1 below:

(= BH Q (l)
“ 9
where:
gz )
BH = (g -+ 7
and
4el) (3)
a, =a, = —a, =
’ mﬂzr%
B B B 2 eV (4)
QH - q;.: — QJF — mﬂzr%

wherein e 1s electron charge, m 1s mass, £2 the frequency of the
confining RF, V 1s the pk-pk voltage of the confining RF, r, 1s
the 1internal radius of the electrode structure and

U 1s the amplitude of the DC voltage applied between pairs of
rods.
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When no additional DC voltage 1s applied via the DC
supply 6 then the expression for the secular frequency can be
simplified to:

(5)

3| <

Where:

¢ )

B ﬁ-ﬂ-rﬁ

k

FIG. 3 shows a graph of the frequency of oscillation » of
ions 1n the radial pseudo-potential well 1n both the x and y
directions as a function of mass to charge ratio for a constant
value of RF amplitude V and frequency £2.

According to an embodiment, at time TO a dipole excita-
tion voltage having a frequency F | 1s preferably applied in the
x direction via the first auxiliary AC or RF voltage supply 4.
In the example shown 1n FIG. 3, this corresponds to exciting
ions having a mass to charge ratio of approximately 100. At
the same time TO a dipole excitation voltage having a fre-
quency F, 1s preterably applied in the y direction via the
second auxiliary AC or RF voltage supply 5. In the example
shown 1 FIG. 3, this corresponds to exciting 1ons having a
mass to charge ratio of approximately 300. The main confin-
ing RF amplitudeV is then preferably increased up or scanned
to a maximum value at time T1 wherein T1>TO.

FIG. 4 shows a plot of secular frequency m versus mass to
charge ratio at the subsequent time T1 1.e. at the end of the
analytical scan. During the previous time period from 10O to
T1 1ons having mass to charge ratios in the approximate range
M_=100-300 will have been sequentially ejected 1n the x
direction and will have been detected by the first 10n detectors
7. During the same time period from TO to T1 1ons having
mass to charge ratios in the approximate range M, =300-830
will have been sequentially ejected 1n the y direction and will
have been detected by the second 10n detectors 8. It 1s appar-
ent from FIG. 2 that 1ons having mass to charge ratios in the
range 100-300 will exit the 10n trap via a first exit path which
1s arranged along the x-direction. Ions having mass to charge
ratios 1n the range 300-830 will exit the 10n trap via a second
separate and discrete exit path which 1s arranged along the
y-direction.

Analytical scans mvolving different mass to charge ratio
ranges and different scan directions are contemplated. Fur-
thermore, 1n addition to or instead of scanning the magnitude
of the confining RF voltage V, analytical scans are also con-
templated wherein the frequency o of the dipole excitation
voltages and/or the RF frequency €2 are scanned.

According to an embodiment the two dipole excitation
frequencies I, and I, may be set to eject 10ons simultaneously
having two different mass to charge ratios from a population
ol 10ns present within the 1on trap 1. In this mode of operation
instead of scanning the confining RF amplitude or dipole
excitation frequencies, the RF amplitude or dipole excitation
frequencies may be stepped or switched. For each step, 1ons
having two different mass to charge ratios will be ¢jected and
detected simultaneously using two different detectors or pairs
of detectors.

If a DC voltage 1s additionally applied between the rods of
the quadrupole 1on trap 1 using the DC voltage supply 6 as
shown 1n FIG. 2, then the secular frequency will be modified
as detailed above in Eqns. 1 and 2. The application of a
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positive DC voltage to the rods 1n the x direction with respect
to the y direction will result 1n an increase 1n the fundamental
frequency for positive 1ons in the x direction and a simulta-
neous decrease in the frequency of oscillation for positive
ions having the same mass to charge ratio 1n the y direction.
To a first approximation, this may be envisaged as the super-
position of the confining pseudo-potential well and the DC
saddle field due to the applied DC potential. The pseudo-
potential well acts equally on 1ons of the same mass to charge
ratio regardless of the polarity of the1ons. The DC saddle field
will act to drive 1ons towards the centre of the 1on trap only in
one direction, X or y. Ions will simultaneously experience a
driving force away from the centre 1n the opposite direction,
y or X. For the same polarity of DC voltage applied in the x or
y direction, the direction of the confining or ejecting force,
arising from application of the DC voltage will depend on the
polarity of the 1on.

The frequency of oscillation of an 1on 1n the x and v direc-
tions 1n the combined RF and DC field can be approximated
by Eqns. 7 and 8:

\/B v A Yy "
mz

B poa L ”
“y I RS
Where:
5 e’ (9)
e -rﬁ
P (10)

wherein p 1s the polarity of the 10n and 1s etther +1 or -1.

It should be noted that application of a DC voltage will
reduce the range of masses which are stable within the 1on
trap 1.

Analytical scans similar to those described but without
application of a DC voltage are envisaged wherein the dipolar
excitation frequency 1n the x and the y direction matches the
frequency of oscillation in the combined RF and DC field.

In addition, the application of a DC voltage allows simul-
taneous ejection and detection of 1ons having the same or
substantially the same mass to charge ratios but having oppo-
site polarities. Positive 1ons and negative 10ons are preferably
ejected via different or separate exit pathways. This aspect of
the preferred embodiment 1s particularly advantageous if
both positive and negative 1ons or products of a specific 10n-
ion mteraction experiment are desired to be recorded within a
relatively short time frame.

FIG. 5 shows a plot of secular frequency  versus mass to
charge ratio for i1on motion 1n the x direction at time TO
according to an embodiment. Curve 10 shows the frequency
of both positive and negative 1ons when no additional DC
voltage 1s applied. Curve 11 shows a shift to higher secular
frequency for positive 10ns 1n the x direction when a positive
DC 1s applied to the electrodes 1n the x direction. Curve 12
shows a shift to lower secular frequency for negative 1ons 1n
the x direction when a positive DC 1s applied to the electrodes
in the x direction.
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A dipole excitation frequency F_ 1s preferably applied
between electrodes 1n the x plane at an 1nitial time TO. In the
example shown 1n FIG. 5, this corresponds to 1ons having a
mass to charge ratio of approximately 140 for a positively
charged 1on. At the same time T0, a dipole excitation voltage
having a frequency F, (wherein F,=F) 1s also preferably
applied 1n the y direction.

FIG. 6 shows a plot of secular frequency o versus mass to
charge ratio for 1on motion 1n the y direction at time 10 1.e. at
the start of an analytical scan. Curve 13 shows the frequency
of both positive and negative 1ons when no additional DC
voltage 1s applied. Curve 14 shows the shift to lower secular
frequency for positive 1ons 1n the y direction when a positive
DC voltage 1s applied to the electrodes in the x direction.
Curve 15 shows the shift to higher secular frequency for
negative 1ons in the y direction when a positive DC voltage 1s
applied to the electrodes 1n the x direction.

The 1nmitial confimng RF amplitude V, is then preferably
increased up or scanned to a maximum value V, at a subse-
quent time T1 wherein T1>T0. The magnitude U, of the
applied DC voltage 1s also preferably increased up to a maxi-
mum U, such that the proportionality given 1n Eqn. 11 below
1s preferably maintained throughout the analytic scan:

Ui
Us

FIG. 7 shows a plot of secular frequency m versus mass to
charge ratio for 1on motion 1n the x direction at time 11 1.e. at
the end o the analytical scan. During the previous time period
from TO to T1, positive 1ons having mass to charge ratios 1n
the approximate range M, =140-890 were preferably sequen-
tially ejected 1n the x direction and were preferably detected.

FIG. 8 shows a plot of secular frequency m versus mass to
charge ratio for 1on motion 1n the y direction at time 11 1.e. at
the end o the analytical scan. During the previous time period
from TO to T1, negative 1ons having mass to charge ratios 1n
the approximate range M, =140-890 were preterably sequen-
tially ejected 1n the vy direction and were preferably detected.

It 1s apparent, therefore, that according to this embodiment
positive 1ons having mass to charge ratios in the range 140-
890 exit the 10n trap via a first exit path which 1s arranged
along the x-direction. Negative 1ons having mass to charge
ratios 1n the range 140-890 exit the 1on trap via a second
orthogonal exit path which 1s arranged along the y-direction
1.¢. 1n an orthogonal direction.

Analytical scans mvolving different mass to charge ratio
ranges and diflerent scan directions are contemplated accord-
ing to other embodiments of the present invention. For
example, 1n addition to, or instead of, scanning the magnitude
of the confining RF voltage, analytical scans involving scan-
ning the frequency of the dipole excitation voltages and/or the
frequency of the confining RF voltage are contemplated.

In addition to ejecting 1ons by application of dipolar exci-
tation potentials, other embodiments are contemplated
wherein simultaneous ejection may be accomplished using
quadrupolar or parametric excitation. With reference to FIG.
2, a quadrupolar excitation supply 9 1s preferably provided
wherein a quadrupolar excitation signal may be applied
across both pairs of rods as shown. With no DC potential
applied via the DC voltage supply 6, 1ons are preferably
excited 1n both x and y directions simultaneously and cannot
be directed through slots i1n the rods to either the first or
second detectors 7,8. However, 1f a DC voltage 1s applied then
the secular frequency for 10ns having the same mass to charge

Vi (11)

—_—
Vs
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ratio 1n the X and the y directions becomes different. This
allows 1ons having a specific mass to charge ratio or ions
having mass to charge ratios within a certain range to be
simultaneously ejected 1n the x and the y directions. Similar
analytical scans to those already described are contemplated.

Parametric excitation includes applying an excitation sig-
nal at, for example, twice the frequency of the secular fre-
quency of 1on oscillation. Therefore, ions undergo an
increased number of resonance cycles before being ejected
compared to dipole excitation for the same time duration of
excitation. Accordingly, quadrupolar excitation enables
improvements 1n mass resolution to be obtained compared to
using dipolar excitation to eject 1ons.

An 1on trap according to another embodiment of the
present invention 1s shown in FIG. 9. According to this
embodiment, a quadrupole 1on trap 1s preferably provided
which comprises two or more axial segments. In the particu-
lar example shown 1 FIG. 9 an 10n trap 1 1s provided com-
prising four axial segments 22a,225,22¢,22d. However, other
embodiments are contemplated wherein n axial segments
may be provided and wherein n>1. Each axial segment 1s
preferably configured as described above with reference to
the embodiment shown and described with reference to FIG.
2. Each axial segment may be supplied with independently
controlled excitation electronics allowing ejection of 1ons
having different mass to charge ratios from each segment.

Ions are preferably confined within the 10n trap by applying
voltages to two end electrodes 2 which are preferably
arranged at the entrance and exit regions of the 10n trap 1n a
manner substantially as described above.

Mass selective ejection of 1ons preferably occurs through
one or more holes or slots 1n one or more electrodes which
form the 10n trap.

Simultaneous mass selective ejection may be achieved
from one or more of the segments 1n either the x or the y
direction or simultaneously 1n both x and y directions using
dipolar or quadrupolar excitation or by mass selective 1nsta-
bility.

Mass selective ejection may be achieved with or without an
additional DC voltage being applied to one or more of the
clectrodes comprising one or more of the segments of the 10n
trap.

The amplitude and the frequency of the confining RF
potential applied to the electrodes forming each individual
segment 15 preferably maintained the same. However, the
amplitude and the frequency of the confining RF potential
may be changed independent for each segment to allow alter-
native analytical scans to be performed within each segment
and to allow manipulation of 10n populations between seg-
ments.

Other embodiments are contemplated wherein the seg-
mented linear quadrupole geometry may be formed mto a
circle, ellipse or racetrack type 1on trap structure. FIG. 10
shows a schematic diagram of a racetrack type quadrupole ion
trap arrangement according to an embodiment of the present
invention. Each individual segment of the 1on trap 1s prefer-
ably arranged as described above 1n relation to FIG. 2. Ions
are preferably arranged to enter the 10n trap along the central
axis at an 1mitial time T0. At the initial time TO no RF confin-
ing voltage 1s preferably applied to a segment 23 of the 10on
trap which acts as an entrance to the 1on trap. Once 1ons have
entered the 1on trap then a confining RF potential 1s preferably
applied to the segment 23.

Portions of the electrode structure which are curved may
exhibit non-linearity 1n the radial field which may affect the
performance of axial mass selective ejection. However, por-
tions of the 1on trap which are not curved will comprise
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suitable radial fields for optimal performance. The linear
portions of the 1on trap are preferably axially segmented 24 as
shown 1n FIG. 10 and may be supplied with individual exci-
tation electronics and 1on detectors 25. Simultaneous mass
selective ejection 1n the X and y directions may be performed
at one or more segments of the 1on trap 1 a manner as
described above.

Other embodiments are contemplated wherein a circular
ion trap may be constructed having a folded quadrupole
geometry. The shape of the internal electrode surface may be
modified to maintain a substantially quadratic radial field as 1s
preferably required for best analytical performance.

According to another embodiment, an 10on trap may be
provided which comprises a three-dimensional rotationally
symmetric or elliptical 1on trap. The 3D 10n trap preferably
comprises a central ring electrode which 1s preferably seg-
mented mto two or more segments to allow simultaneous
excitation and mass selective ejection of 10ns having differing
mass to charge ratios to separate 1on detectors. FIG. 11 shows
the electrode structure of a conventional rotationally symmet-
ric three-dimensional 1on trap. The conventional 10n trap
comprises two end cap electrodes 264,265 having hyperbolic
surface profiles and a central ring electrode 27 having a hyper-
bolic surface profile. A confining RF voltage 1s applied
between the central ring electrode 27 and the two end cap
clectrodes 26a,265b. The potential within the trapping volume
1s substantially quadratic. Ions confined within the trapping
volume undergo a secular oscillation frequency 1n proportion
to their mass to charge ratio. Depending on the geometry of
the trapping electrodes the frequency of 1on oscillation in the
radial direction r may be different from the frequency of 10n
oscillation 1n the z direction. Ions having a specific mass to
charge ratio may be excited 1n the z direction by application of
a suitable dipolar excitation voltage across the end cap elec-
trodes 26a,26b. lons exit the 1on trap via a hole 1n the end cap
clectrodes 264,265 and are then detected by the 1on detector.

FIG. 12 shows a schematic of a three-dimensional 1on trap
according to a preferred embodiment of the present invention.
The pretferred 1on trap 1s shown in the X,y plane 1 cross-
section along line B as shown in FIG. 11. According to the
preferred embodiment, the central ring electrode 1s preferably
segmented 1nto four segments 29a,295,29¢,29d. Each seg-
ment 294,295,29¢,294 preferably comprises a central or
radial exit passageway which preferably leads to an 1on detec-
tor 30; 31. A confining RF voltage 32 is preferably applied to
cach of the four segments 29a,295,29¢,29d and 1s preferably
maintained at the same amplitude and frequency. Ions may be
excited 1n either the x or the y directions by application of a
supplementary dipolar excitation voltage using either first
voltage supply 33 and/or second voltage supply 34. Ions
which are ejected through slots in the individual segments are
preferably detected by one of the 1on detectors 30,31. Ions
may also be ejected simultaneously in the z direction by
applying a separate dipolar excitation voltage between the
two end cap electrodes. A separate detector may be positioned
to record the arrival of these 1ons. In this example, 1ons having
up to three different mass to charge ratios or 1ons having mass
to charge ratios with three different ranges may be ejected
simultaneously and via separate exit pathways.

Other embodiments are contemplated wherein the central
ring electrode may be split into more than four segments and
cach pair of opposing segments may be supplied with a sepa-
rate dipole excitation supply. Ion detectors may be provided
for each segment to allow even greater parallelism of 10n
ejection.

According to another embodiment an ion trap may be
provided comprising an array or series of three-dimensional
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rotationally symmetric or elliptical 1on traps. F1G. 13 shows a
schematic of such an embodiment 1n the v,z plane. The ring
clectrodes of each of the three-dimensional ion traps are
preferably segmented into two or more segments to allow
simultaneous excitation and mass selective ejection of 1ons
having differing mass to charge ratios to separate detectors.
The overall 1on trap preferably comprises a series of seg-
mented ring electrodes 41 and 1s preferably bounded by two
end electrodes 42a.,425b. In the example shown 1n FIG. 13 an
array of six individual 1on traps 35-40 1s shown. Other
embodiments are contemplated wherein n 10n traps may be
provided and wherein n>1.

The ring electrode 41 of each of the 3D 1on traps 35-40 1s
preferably configured as described above with reference to
FIG. 12. Multiple radial 1on detectors 43 may be provided 1n
one plane and/or multiple radial detectors (not shown) may be
provided 1n the orthogonal plane for at least some and pret-
crably all of the ring electrodes 41. Opposite phases of an AC
or RF voltage are preferably applied to adjacent ring elec-
trodes using an AC or RF voltage supply 44. Each 1on-trap-
ping region 1s preferably bounded by a ring electrode, 1n the
radial direction and by zero potential planes or virtual bound-
aries between adjacent ring electrodes 1n the axial or z direc-
tion. Two end electrodes 42a,42b preferably form real zero
potential boundaries for the 1on traps at the beginning or
entrance to the array and/or at the end or exit of the array. The
surface profile of the ring electrodes may be shaped to main-
tain an approximately quadratic pseudo-potential well 1n both
the radial and axial directions.

Ions having differing mass to charge ratios or 1ons having
mass to charge ratios within different scan ranges may be
¢jected simultaneously through different slots in the ring
clectrodes 41 1n a manner according to the preferred embodi-
ment as described above.

Further embodiments are contemplated wherein each ring
clectrode 41 may be split into more segments and each pair of
opposing segments may be supplied with a separate dipole
excitation supply and 10n detector to allow even greater par-
allelism of 10n ejection.

In addition, 1ons within the array may be excited or ejected
axially by application of separate excitation voltages to indi-
vidual ring electrodes 41 or between pairs of ring electrodes.
This allows 10ns having specific mass to charge ratios or 10ns
having mass to charge ratios which specific ranges to be
¢jected axially from the array or moved to a new location
within the array prior to or during radial excitation and ejec-
tion. A separate axial detector (not shown) may be positioned
to record the arrival of these 10mns.

DC voltages may be applied to individual ring electrodes or
between pairs of ring electrodes to modily the secular fre-
quency and stability characteristics of 1ons within all or some
of the array of 10on traps. This allows different analytical mass
selective ejection scans to be performed.

FIG. 14 shows 1on trajectories within a quadrupole rod set
ion trap which were modelled using SIMION® 10n optics
soltware. The internal radius of the quadrupole rod set rod
was modelled as being 5 mm. A confining RF voltage was
modelled as being supplied between pairs of rods and was set
at 400V pk-pk and had a frequency of 1 MHz.

Positive 10ns having mass to charge ratios of 200 and 210
were modelled as being introduced 1nto the centre of the 10n
trap. A first dipole excitation voltage having an amplitude of
0.75V and having a frequency of 313.5 kHz was modelled as
being applied 1n the x direction using voltage supply D2. At
the same time, a second dipole excitation voltage having an
amplitude o1 0.75V and having a frequency o1 337.4 kHz was
modelled as being applied in the y direction using voltage
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supply D1. The 10n trajectories shown in FIG. 14 show that
ions having a mass to charge ratio of 210 were ¢jected 1n the
x direction 46 at the same time that ions having a mass to
charge ratio of 200 were ejected 1n the y direction 45.

FIG. 15 shows results from the same model as described
above with reference to FIG. 14 except that 1n this example
positive and negative 1ons having mass to charge ratios o1 200
where modelled as being mtroduced into the 10n trap. Both
dipole excitation supplies D1 and D2 had an amplitude of
0.75V pk-pk and had a frequency of 337.4 kHz. The ampli-
tude of positive and negative 10ns increased simultaneously in
both the y and the x directions.

FIG. 16 shows results from the same model as described
above with reference to FIG. 15 wherein +10V was applied to
the pair of electrodes 1n the x direction using DC voltage
supply DC1. The application of the DC voltage modified the
frequency of 1on oscillation for the positive and negative 10ns
in a manner as described above. A dipole excitation voltage
having an amplitude of 0.75 V and having a frequency of
356.5 kHz was applied in both the x and y directions. Positive
ions 48 were excited and ejected 1n the x direction and nega-
tive 1ons 47 having the same mass to charge ratio were simul-
taneously excited and ejected 1n the y direction.

Mass selective axial ejection from linear quadrupole 1on
traps has also been demonstrated using axial resonance ejec-
tion from an axial quadratic DC potential valley in which 1ons
are confined radially within an RF 10n guide. Mass selective
axial ejection from linear quadrupole 10n traps has also been
demonstrated using radial excitation 1n conjunction with field
penetration effects from electrodes positioned at the end of
the trapping electrodes. The methods of radial ejection
described above can be used in conjunction with these meth-
ods of axial mass selective ejection to perform simultaneous
axial and radial ejection of different mass to charge ratios 1n
linear quadruple 10n trap geometries.

Embodiments are also contemplated wherein a linear qua-
drupole geometry may be used as a standard quadrupole mass
filter if required employing an axial detector. The device may
then serve a dual purpose within a mass spectrometer either as
a linear 10n trap, or as a quadrupole mass filter.

The 10n traps and methods of ejection described above may
be used 1 conjunction with other mass analysers such as
quadrupole mass filters, Time of Flight mass analysers or
Orbitrap electrostatic 10n traps.

The 10n traps disclosed above may be used to perform
precursor selection and fragmentation as part of MS” experi-
ments. Multiple precursor 1ons may be fragmented simulta-
neously using the resonance methods described. Multiple
fragment 1ons may then be analysed simultaneously.

Although the present mvention has been described with
reference to preferred embodiments, 1t will be understood by
those skilled 1n the art that various changes 1n form and detail
may be made to the particular embodiments discussed above
without departing from the scope of the invention as set forth
in the accompanying claims.

The mvention claimed 1s:

1. An 10on trap comprising a plurality of axial segments,
arranged 1n series, wherein each axial segment comprises a
plurality of electrodes and each axial segment 1s operable in a
first mode of operation so that ions having substantially dii-
ferent mass to charge ratios or opposite polarities are passed
between the axial segments and simultaneously ejected via
different exit paths from said each axial segment.

2. An1on trap as claimed 1n claim 1, wherein at least some
of said plurality of electrodes have one or more holes, slots or
apertures, wherein 1ons having a first mass to charge ratio or
a first polarity are arranged and adapted to exit said plurality
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of electrodes solely via a first exit path which passes through
one or more first holes, slots or apertures and wherein 10ns
having a second different mass to charge ratio or a second
opposite polarity are arranged and adapted to exit the segment
solely via a second different exit path which passes through
one or more second different holes, slots or apertures.

3. An 10n trap as claimed 1n claim 1, wherein 1n said first
mode of operation 1ons having opposite polarities but sub-
stantially similar mass to charge ratios are simultaneously or
sequentially ejected from said 10n trap via different exit paths.

4. An 10n trap as claimed 1n claim 1, wherein 1n said first
mode of operation 10ns having mass to charge ratios within a
first range having a lower limit and an upper limit and 10ns
having mass to charge ratios within a second different range
having a lower limit and an upper limit are simultaneously or
sequentially ejected from said 10n trap via different exit paths,
and wherein the lower or the upper limit of said first range or
the lower or the upper limit of said second range 1s varied,
increased, decreased, stepped or scanned during a scan
period.

5. An 1010 trap as claimed 1n claim 1, wherein 1n said first
mode of operation either:

(a) 10ons having mass to charge ratios within a first range or
ions having a first polarity are arranged and adapted to
exit said 1on trap solely 1n a first radial direction; or

(b) 10ns having mass to charge ratios within a second
different range or 10ns having a second polarity opposite
to said first polarity are arranged and adapted to exit said
ion trap solely 1n a second different radial direction; or

(c)10ons having mass to charge ratios within a third different
range are arranged and adapted to exit said ion trap

solely 1n an axial direction.

6. An 1on trap as claimed 1n claim 1, further comprising a
device arranged and adapted to eject 10ns from said 10n trap
by mass selective mstability.

7. An 10n trap as claimed 1n claim 1, further comprising a
device arranged and adapted to apply a dipolar excitation
wavelorm to said electrodes 1n order to eject 1ons from said
ion trap; and comprising:

a first auxiliary AC or RF voltage supply for supplying a
first auxiliary AC or RF voltage to said electrodes,
wherein said first auxiliary AC or RF voltage 1s arranged,
1n use, to excite or eject 1ons 1n a first direction; and

a second auxiliary AC or RF voltage supply for supplying
a second auxiliary AC or RF voltage to said electrodes,
wherein said second auxiliary AC or RF voltage 1s
arranged, 1n use, to excite or eject 1ons 1 a second
different direction.

8. An 10n trap as claimed 1n claim 1, further comprising a
device arranged and adapted to apply a quadrupolar or para-
metric excitation wavelorm to said electrodes 1n order to eject
ions from said 10n trap.
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9. An 10n trap as claimed 1n claim 1, wherein said plurality
of axial segments comprise 2D 1on traps, wherein each 2D 1on
trap comprises a linear 1on trap or a plurality of elongated rods
or electrodes.

10. An 1on trap as claimed in claim 1, wherein said plurality
of axial segments comprise 3D 1on traps, wherein each said
3D 10n trap comprises at least one central ring electrode.

11. A mass spectrometer comprising an ion trap as claimed
in claim 1, further comprising one or more first 10n detectors
arranged to detect 10ns which exit said 1on trap via a first exit
path and one or more second separate 10n detectors arranged
to detect 1ons which exit said 10n trap via a second different
exi1t path.

12. Anion trap as claimed 1n claim 1, further comprising an
entrance e¢lectrode and an exit electrode arranged with the
plurality of axial segments located between the entrance elec-
trode and the exit electrode, each said axial segment being
formed without an entrance electrode or an exit electrode and,
in the first mode of operation, the entrance and exit electrodes
trap the 10ns within the plurality of axial segments but the 1ons
still pass between the segments.

13. A method of trapping 10ns with an 10n trap comprising
a plurality of axial segments, arranged 1n series, each segment
having a plurality of electrodes and multiple, different exat
paths, the method comprising:

passing 10ons between the axial segments while simulta-

neously applying one or more voltages to the plurality of
clectrodes 1n each segment so that 1ons having substan-
tially different mass to charge ratios or opposite polari-
ties are simultaneously ejected from each segment via
the multiple, different exit paths.

14. A 3D 10n trap comprising:

a central ring electrode comprising a plurality of radial

segments wherein one or more of said radial segments
have a slot, hole or aperture through which 1ons are
¢jected 1n use.

15. A 3D 1on trap as claimed in claim 14, wherein said 3D

ion trap further comprises one or more end-cap electrodes;

and wherein 1ons having a first mass to charge ratio or a first
polarity are arranged and adapted to exit said 1on trap
solely via a first exit path, pathway or route which passes
through one or more first holes, slots or apertures 1n said
central ring electrode and wherein 10ns having a second
different mass to charge ratio or a second opposite polar-
ity are arranged and adapted to exit said 10n trap solely
via a second different exit path, pathway or route which
passes through one or more second different holes, slots
or apertures 1n said central ring electrode.

G o e = x
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